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A midrange approximation method for design optimization is formulated. This utilizes intermediate response
variables, amenable to simple polynomial representation, to provide a reasonable approximation over a trust region.
It has applications to computationally expensive, nonlinear optimization problems where a designer’s knowledge
may be exploited to select appropriate intermediate variables. Application to the preliminary structural design of
a fan blade is illustrated in two case studies; results for a global optimization strategy and a direct search have
been included for comparison. Significant improvement in the number of function calls necessary to identify a
local optimum is demonstrated in the case studies considered.
Introduction
A SSESSMENT of the performance and reliability of a particu-lar design concept requires execution of complex simulation
models. Direct coupling of these to an optimization algorithm is
often impractical due to the prohibitive computational cost,1 and
hence much research has focused on the use of approximation mod-
els as surrogates; a literature review in this field is provided by
Vanderplaats.2 A critical factor in the success of these strategies is
the accuracy of the model over its region of application. This region
size is typically classified as local, global, or midrange.3
Local models commonly employ a low-order Taylor-series expan-
sion of the optimization functions, based upon the function value
and sensitivities at the current design point.4 Domain knowledge is
often utilized to extend its range of validity, by appropriate transfor-
mation of the design variables,5 or the introduction of intermediate
response functions.6,7 Move limits may be imposed to restrict the
step size to a subregion where the model is regarded as accurate.8
A new approximation model is fitted for each optimization loop,
repeating until any convergence criteria are met.
Alternatively, global models may be employed to approximate
the system behavior over the whole design space. They may be
based upon a simplified simulation model of the system9 or a re-
sponse surface model generated from the function values and in
some cases sensitivities at a number of data points.10 The latter
are often based upon low-order polynomials fitted to the data set
by regression, enabling a reduction in numerical noise.11,12 Where
the underlying functions are multimodal, functions that are capable
of describing multiple extrema have been used: for example, ra-
dial basis functions13 and Kriging.14 In some approaches the func-
tional form is also determined from the data, for example, genetic
programming15 and neural networks.16
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The third approach is to utilize a simpler, commonly low-order
polynomial-response-surface model and restrict the step size to a
subregion of the design space (midrange approximation).17 In trust-
region algorithms,18 this step size (trust radius) is systematically
updated by how well the approximation model predicts the im-
provement in the objective or penalized objective.
The method presented here is based on the midrange method for-
mulated by Toropov et al.19 and Van Keulen and Toporov.20 It is
adapted to incorporating intermediate response variables that are
amenable to representation by low-order polynomial expressions
and that form the basis of a set of explicit formulae for the opti-
mization functions. By exploiting the designer’s knowledge to select
these variables, it is anticipated that fewer analyses will be required
to identify an optimal design, reducing the time and cost associated
with the design search.
To illustrate this approach two preliminary fan-blade design prob-
lems are considered here: optimizing the aerofoil shape to minimize
mass, subject to frequency constraints, and choice of the aerofoil
stack to minimize the steady stress.
Intermediate Response Variables
Intermediate response variables (IRVs) are effective when a prob-
lem can be decomposed into two parts: an implicit calculation of the
response variables, which are amenable to low-order polynomial ap-
proximation, and a subsequent explicit calculation of the nonlinear
optimization functions.
Levenberg21 applied this approach to the solution of the least-
squares problem, where the residual between the real and approxi-
mate functions at each data point was selected as an IRV, represented
by a first-order Taylor series expansion. The nonlinear objective
function, the sum of the squared residuals, is a simple explicit func-
tion of these variables and a trust region constraint was imposed to
restrict the step size to a region where the approximation is valid.
In structural design, Vanderplaats and Salajegheh6 and
Kodiyalam and Vanderplaats7 demonstrated that a significant im-
provement in the approximate stress prediction could be achieved by
utilizing an intermediate approximation model of the nodal forces.
This is simply illustrated by the following truss design problem:
select the member area A j to meet the stress constraint,
σ j ≤ σallowable (1)
The member stress is inversely proportional to the member area, but
employing the force approximation  proposed by Vanderplaats and
Salajegheh6 and Kodiyalam and Vanderplaats,7 this constraint may
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